The solvation properties of protic ionic liquids such as alkylammonium salts are still virtually uncharacterized. Both electrostatic interactions between charged particles and hydrogen bond networks in a solvent are known to hinder the solubility of apolar species. Protic ionic liquids can be a priori expected to dissolve hydrocarbons worse than aprotic ionic liquids which do not form hydrogen bonds between the ions. We measured the limiting activity coefficients of several alkanes and alkylbenzenes in propylammonium and butylammonium nitrates at 298 K. Surprisingly, we observed the tendency of higher solubility than for the same compounds in aprotic ionic liquids with a similar molar volume. The calculations of the excess Gibbs free energies using test particle insertions into the snapshots of molecular dynamics trajectories reproduced lower values in protic rather than in aprotic ionic liquids for both methane molecules and hard sphere solutes. This can be explained by the favorable solvation of apolar species in the apolar domain of nanostructured PILs. For the first time, we point out at the essential difference between the solvation properties of two types of ionic liquids and prove that it arises from the cavity formation term.
Introduction
Protic ionic liquids (PILs) are a huge group of ionic liquids that can be obtained in the reaction of a Brønsted acid with a Brønsted base and have both proton-donor and protonacceptor centers in their molecules. 1 Most of the synthesized PILs are salts of nitrogenous bases. Historically, ethylammonium nitrate was the first room temperature ionic liquid to be synthesized. 2 However, the thermodynamic properties of PILs are characterized to a lesser extent in comparison with aprotic ionic liquids. In particular, only a few studies [3] [4] [5] [6] [7] were dedicated to the solvation properties of PILs despite their prospective use as industrial solvents. This is explained 3 by the experimental difficulties in measuring the activity coefficients, excess enthalpies and other infinite-dilution thermochemical properties of solutions in these solvents. The presence of oppositely charged ions in aprotic ionic liquids leads to a significant drop in the solubility of apolar species, which decreases with increasing concentration of ion pairs per unit volume of a liquid. 8 The same is true for protic non-ionic solvents, where the solubility decreases with increasing concentration of intermolecular hydrogen bonds. 9 In addition, aprotic ionic liquids (AILs) are known to have very small vapor pressures and huge enthalpies of vaporization due to strong interactions between the ions. Hydrogen bonds in protic molecular solvents also decrease their volatility and increase the energy cost of vaporization, at least relative to aprotic solvents, which are often demonstrated using a comparison of water (T b = 373.15 K, D vap H = 44 kJ mol À1 at 298 K) with hydrogen sulfide (T b = 212.9 K, D vap H = 18.6 kJ mol À1 at 298 K) or various protic and aprotic organic compounds. At first glance, the combination of the two factors, Coulombic interactions and hydrogen bonds, should lead to an even more pronounced decrease in the solubility and volatility of the apolar species. Unfortunately, the solubility-related properties, such as limiting activity coefficients in PILs, are too scarce in the literature to infer any conclusions. At the same time, recent studies on the vaporization of PILs 10, 11 have shown that they have smaller enthalpies of vaporization than AILs with the same anions and the cation with a similar size. The structure of several alkylammonium PILs including nitrates and other salts of ethylammonium, propylammonium, and butylammonium was studied using small-angle neutron scattering, 12 large-angle X-ray scattering, 13 neutron diffraction, 14, 15 and molecular dynamics simulations. 13, 16 It has been proven that these liquids are structurally inhomogeneous and consist of polar and apolar domains. Charged and uncharged groups tend to segregate due to favorable solvophobic interactions between alkyl chains resulting in sponge-like nanostructures. 14 Such a segregation can have a strong impact on various properties of PILs.
In the present study, we experimentally determine the limiting activity coefficients g N of several apolar compounds in two PILs, propylammonium and butylammonium nitrates at 298 K, and compare them with the corresponding values for the same solutes in various AILs. The limiting activity coefficients are related to the standard Gibbs free energy change D solv G1 upon solvation of a solute from the gas phase into a solvent using the equation 
Experimental

Chemicals
All the chemicals used in experiments were purchased from commercial suppliers. No additional purification of compounds was done. The absence of significant amounts of impurities in organic compounds was confirmed by gas chromatography.
Synthesis of protic ionic liquids
Alkylamine and nitric acid were diluted with distilled water and cooled down to À20 1C. Nitric acid was added dropwise to aqueous alkylamine under constant stirring and cooling in an ice-salt bath. A small excess of alkylamine was used. After the addition was finished, water and alkylamine were removed in a rotary evaporator under vacuum at 50-60 1C. The absence of significant amounts of water (o0.2 wt%) was confirmed using Karl Fischer titration and FTIR spectra (Fig. 1 
A headspace analysis technique for the measurement of limiting activity coefficients
The limiting activity coefficients of hydrocarbons in PILs were determined by means of gas chromatographic analysis of the headspace over dilute solutions. The experimental setup was the same as described in previous publications.
17,18 2-10 mL of the solute was put into a vial containing 5 mL of the solvent. The vials were sealed, shaken and thermostatted at 298.15 K for several hours. Vapor samples were taken from the headspace using an autosampler and transferred into a gas chromatograph. The areas of the chromatographic peaks of each substance are proportional to the vapor pressure of this substance. Thus, the activity coefficients can be determined from the ratio of the chromatographic peak areas in experiments with a pure substance and its solution. The obtained values of g N were averaged over 6 repetitions for each system at different concentrations of a solute. They showed no significant concentration dependence proving that infinite dilution is reached. The obtained results are given in Table 1 . The values of D solv G1 were calculated by using eqn (1) and they correspond to the molar-fraction based standard state for solutions at a standard pressure of 1 bar.
Discussion
Comparison with the literature data for solvation in EAN
In the literature, there are few experimental data on the solvation properties of ethylammonium nitrate (EAN) which can be compared with our results for PAN and BAN. Evans et al. reported 4 the Gibbs free energies of solvation of krypton, methane, ethane, and n-butane in EAN. In a more recent work, 3 the activity coefficients of C 13 -C 15 n-alkanes, C 8 -C 11 alkylbenzenes, and several polar solutes in EAN were measured. The results of these works and our data are plotted against the number of carbon atoms in n-alkane as shown in Fig. 2 . The values of the saturated vapor pressure of C 13 -C 15 n-alkanes which are necessary to convert the activity coefficients into the Gibbs free energies of solvation were taken from ref. 19 . Despite a large gap in the plot for alkanes between C 4 and C 13 that were not studied in EAN, the trend in decreasing the Gibbs free energies of solvation for the same solute upon increasing the number of carbons in a PIL molecule can be noticed. Similarly, the Gibbs free energies of solvation of alkylbenzenes decrease in a sequence EAN 4 PAN 4 BAN.
Selectivity for alkane/arene separation
Ionic liquids are considered as prospective solvents for use in separation processes, particularly for the separation of aliphatic and aromatic hydrocarbons by extractive distillation. A commonly used measure of separation selectivity is the ratio of the limiting activity coefficients of two separated species
Our results indicate that the selectivity of considered PILs for alkane/alkylbenzene separation problem is lower than those of many AILs 20 and of some conventional molecular solvents used in separation processes such as sulfolane and N-methylpyrrolidone, which is in agreement with the previous observation for EAN. 3 For the n-hexane/benzene system, S = 14 in the case of PAN and 8.5 in the case of BAN, for the n-heptane/toluene system S = 17 and 8.2, and for the n-octane/ethylbenzene system S = 20 and 8.7, respectively.
Comparison of the solvation properties of protic and aprotic ionic liquids
Comparison of the solvation properties of the studied solvents with AILs should be made with regard to a large difference in the values of the limiting activity coefficients for the same solute in different AILs. It would be ideal to compare the values obtained in n-butylammonium nitrate and its aprotic isomer, tetramethylammonium nitrate, but the latter melts as high as at 683 K. 21 Many other tetraalkylammonium nitrates also melt well above room temperature. In order to compare PAN and BAN with the ionic liquids having a non-ammonium cation and/or an anion different from nitrate, one should know how the solvation properties of AILs depend on the structure of ions constituting them.
In our recent work, we have shown that for many AILs consisting of different cations and anions, there is a good linear correlation between the Gibbs free energy of solvation of n-alkane and the inverse molar volume of the ionic liquid, which has a physical sense of the concentration of ion pairs per unit volume of the AIL. In Fig. 3a-d , the data for n-alkanes from Table 1 are combined with the Gibbs free energies of solvation for the same solutes in various AILs. 8 It is clear that for all the solutes the data points corresponding to PILs lie below the correlation line of D solv G1 with 1/V m for AILs, which means an increase in solubility of hydrocarbons in PILs in comparison with AILs of the same molecular size. The linear growth of the Gibbs free energy of solvation of hydrocarbons in AILs with the concentration of ion pairs is linked with the existence of the solvophobic effects caused by the electrostatic interactions between the ions. 8 These effects cause the selfassembly of amphiphilic molecules into micelles, vesicles and other supramolecular structures, which was observed in many AILs. 22 In protic molecular solvents, solvophobic effects cause a similar trend in decreasing solubility and increasing Gibbs free energy of solvation of apolar species upon increasing the concentration of hydrogen bonds per unit volume of a solvent. Protic ionic liquids, which combine the ionic structure with intermolecular hydrogen bonds, could be expected to reduce the solubility of hydrocarbons more than AILs leading to positive deviations of the data points for solvation in PILs from the correlations shown in Fig. 3a-d . In fact, we observe an opposite tendency.
Cavity formation contribution
In order to understand the origin of the increased solubility of hydrocarbons in PILs, we tried to evaluate and compare the Gibbs free energy of formation of a cavity in various PILs and AILs. The cavity term contributes to the thermodynamic functions of solvation of any solute in any solvent. It is known to be responsible for the existence of the hydrophobic effect in water. 23, 24 The cavity formed upon solvation is assumed to have the size sufficient to accommodate a solute molecule, so that the total magnitude of the Gibbs free energy of solvation can be represented as the sum of the cavity formation contribution D cav G and the energy of interactions D int G between the solute and the solvent upon transferring of the solute into this cavity:
The values of D cav G for small spherical cavities can be calculated using Widom's test particle insertion method 25 by the insertion of hard-sphere particles into the random places of the boxes containing solvent molecules, which are taken from the molecular dynamics or Monte Carlo simulation trajectories. The probability of successful insertion of a hard sphere of a given radius is equal to the probability of existence of a cavity with the same radius in the solvent. It is reasonable to expect that D cav G is proportional to the volume of a cavity even for the cavities with a complicated non-spherical shape. 26 Thus, the comparison of the Gibbs free energies of formation of a cavity with the same radius in different solvents allows the arrangement of these solvents by the energy cost of cavity formation for any molecule of not too large size. Moreover, Widom's method allows calculating the Gibbs free energies of solvation of monoatomic molecules, such as noble gases or methane in a united-atom approach, and evaluating the contribution from solute-solvent interactions D int G in addition to the cavity term. We performed the calculations for three protic ionic liquids: EAN, PAN, and BAN, and two aprotic ionic liquids: tetramethylammonium nitrate (TMAN) and trimethylbutylammonium nitrate (TMBAN) at 298 K, which are in fact supercooled liquids that do not crystallize within the simulation time.
Molecular dynamics simulations were conducted using the Gromacs 5.1 software. Two variations of the OPLS force field with different interaction parameters were tried. The first variation was based on the OPLS-AA parameters of nonbonded interactions and atomic charges used by Umebayashi et al. 16 for the simulations of EAN, PAN, and BAN. The standard OPLS-AA parameters of bond stretching, bending and torsion were applied to the cations. For nitrate anions, these parameters were taken from the work 27 as well as the values of atomic charges in trimethylbutylammonium and tetramethylammonium cations. However, attempts to model TMAN using this set of parameters always resulted in its fast crystallization, therefore it was not studied.
For the second set of models, we used the OPLS-UA force field. We used the interaction parameters and atomic charges for methylammonium and tetramethylammonium cations reported by Jorgensen 28 and the standard bond stretching and bending parameters. Instead of zero values of van der Waals interaction parameters s and e for ammonium hydrogens in PILs, we used the same values as in the above-described OPLS-AA model. The interaction parameters for the nitrate anion were also the same as in the first approach. The charges of united carbon atoms not bonded with nitrogen were zero. Simulations were performed in cubic cells with the periodic boundary conditions containing 500 molecules of ionic liquids. A cutoff for short-range electrostatic and van der Waals interactions was 1.1 nm. The particle mesh Ewald method was used to compute long-range electrostatic interactions. The covalent bonds of hydrogen atoms were constrained using the LINCS algorithm.
In each molecular dynamics run, the cell was minimized and then equilibrated at an elevated temperature to prevent possible crystallization. After that, it was cooled down to 298 K and equilibrated during 1 ns. Then 50 ns of the production trajectory at the same temperature was written. Simulations were conducted in the NPT ensemble using the v-rescale algorithm for temperature control and the Parrinello-Rahman barostat for maintaining a constant pressure (1 bar). Both OPLS-AA and OPLS-UA approaches reproduce the experimental densities of liquid EAN, PAN, and BAN at 298 K within 3% uncertainty.
Test particle insertion method
In the Widom test particle insertion method, the excess chemical potential of a solute is calculated by averaging the energy of interactions of this solute over a large number of insertions into the random places of the simulation cell at different time points. The following equation is used for simulations in the NPT ensemble:
where DU is the energy change upon insertion of a particle and V is the volume of the system. In the calculations for hard spheres, DU is supposed to be infinite if the center of any heavy (non-hydrogen) atom lies within the radius of the sphere, and zero otherwise. The standard states of m in eqn (3) are equal molar concentrations (e.g. 1 M) of a solute in the gas phase and in a solution. It is converted to the molar fraction-based scale using the formula:
where p1 = 1 bar is the standard pressure and V m is the molar volume of a solvent. For each trajectory, 1 000 000 insertions at random positions were made into each of 50 000 snapshots taken for each 1 ps of simulation (5 Â 10 10 insertions for each system in total). Using this method, we calculated the Gibbs free energies of solvation of hard spheres with two different radii, 0.28 nm and 0.33 nm, and of a molecule of methane modeled as a single united carbon atom into each ionic liquid. The radius of a larger sphere, 0.33 nm, corresponds to the radius of a cavity necessary to accommodate a methane molecule. 29, 30 Thus, we can obtain the energy of interactions of methane with solvent D int G (eqn (2)) by subtracting the energy of solvation of this sphere from the energy of solvation of methane. For two models of EAN, the Gibbs free energies of solvation of krypton (LennardJones potential parameters taken from the literature 31 ) were additionally calculated for comparison with the existing experimental data. 4 The results are given in Tables 2 and 3 .
First of all, we should mention a fairly good agreement of the Gibbs free energies of solvation of methane and krypton in a united atom model with the experiment. Second, both models predict much lower Gibbs free energies of cavity formation in PILs than those in AILs. TMAN is an isomer of BAN and has almost the same value of molar volume V m (see Fig. 4 ). At the same time, the Gibbs free energy of cavity formation in TMAN is larger than that in BAN and is close to that in EAN, which has a much lower molar volume. Moreover, the united atom model predicts D cav G in TMBAN to be close to that in PAN, while the molar volume of TMBAN is 60% higher. In an all-atom model, Table 2 Gibbs free energies of solvation and solute-solvent interactions in the models of ionic liquids at T = 298 K calculated using the Widom insertion method (HS is the hard sphere) the cavity formation cost in TMBAN is more close to that in BAN. Third, the calculated values of D solv G1 for methane are also higher in AILs than in PILs. The solute-solvent interaction energy D int G decreases in a sequence BAN 4 PAN 4 EAN 4 TMAN. The intermolecular interactions of methane with AILs turn out to be even more favorable than with PILs. The cavity formation contribution is solely responsible for the unexpectedly enhanced solubility of hydrocarbons in PILs.
The lower values of the Gibbs free energy of cavity formation in PILs, in turn, evidence that solvent-solvent interactions are in average weaker in PILs than in AILs. This may seem strange since the hydrogen bonds in the considered PILs lead to an increase in energy of 1 : 1 interactions between the cation and the anion, and we could also expect an additive or an even synergistic effect of Coulombic interactions and hydrogen bonds between the ions on the cost of cavity formation.
An explanation can be suggested from the fact of existence of polar and nonpolar domains in PILs, 15 which have different solvation properties. To compare them, we tried to estimate the number of successful (no heavy atoms of solvent within the hard sphere radius) and unsuccessful (overlap of a hard sphere with some heavy atoms of ionic liquid molecules) insertions of hard spheres in test particle insertion calculations into polar and apolar domains separately. If the heavy atom nearest to the center of the randomly inserted hard sphere was a carbon, the insertion was considered to fall into the apolar domain, and if it was one of the nitrogens or oxygens -into the polar domain. Despite this being quite a loose definition of domains, the tendency of a much lower probability of successful insertion into a polar part than into an apolar part is clearly demonstrated. For example, among all insertions into the OPLS-UA model of EAN, 65% hit the polar domain. This number has a physical meaning of the fraction of space occupied by the polar domain (according to our definition) in the neat ionic liquid. At the same time, among all successful insertions of a hard sphere with r = 0.33 nm, only 12.9% are found in the polar domain and the rest 87.1% in the apolar domain. An increase in size of the apolar domain from EAN to BAN leads to a further decrease in the fraction of successful insertions that hit the polar domain ( Table 4 ). The probabilities of insertion can be related to the chemical potentials of hard spheres in each domain, if we ignore volume fluctuations in eqn (3):
where p is the probability of the successful insertion into a considered domain. Thus, we can estimate the difference in the Gibbs free energies of solvation of hard spheres (or, in other words, cavity formation) in two domains from the ratio of insertion probabilities:
The values of DDG given in Table 4 indicate a large free energy preference for cavity formation in the apolar domain over the polar domain, which is comparable by its magnitude with the discussed difference in the solvation energies in AILs and PILs. The existence of a region in the solvent nanostructure that is favorable for cavities and apolar molecules leads to a decrease in the total values of D solv G1 in alkylammonium PILs in comparison with the structurally homogeneous ILs such as TMAN.
Conclusions
Protic ionic liquids, which is an insufficiently well-studied group of ionic liquids, is found to exhibit unexpected solvation properties. The solubility of hydrocarbons in alkylammonium nitrate PILs is better than that in AILs with a similar or even higher molar volume. This fact is explained by a lower free energy cost of cavity formation in PILs. The existence of polar and apolar domains in alkylammonium PILs leads to the preferential cavity formation and solvation of hydrocarbons in apolar domains with relatively low values of D solv G1. As a consequence, the considered PILs perform worse than AILs in aliphatic/aromatic hydrocarbon separation and can be described as featuring weaker solvophobic effects. Further comparison of various solvent properties of protic and aprotic ionic liquids will be an interesting task. It is important to choose liquids with similar molar volumes for correct comparison, but even for BAN it is lower than that of the usual AILs, while alkylammonium nitrates with longer alkyl chains are solid substances at room temperature. This difficulty can be overcome by the extrapolation of molar volume-dependent properties or by choosing PILs with different anions and/or cations.
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